In order to determine the structure and dynamic properties of polymers systems in a random environment we developed and studied an idealized model. Properties of the model of confined linear and branched polymer chains were studied by means of the Monte Carlo method. Model chains were built of statistical segments and embedded to a simple cubic lattice. Then, the polymers were put into a tube formed by four impenetrable surfaces. A Metropolis-like sampling Monte Carlo algorithm was used to determine the static and dynamic properties of these model macromolecules. The influence of the size of the confinement (the tube diameter) and the chain length on polymer properties was studied. The universal behavior of confined polymer linear chains under consideration was found and discussed. The long-time (diffusion) dynamic properties of the system were also studied. The differences in the mobility of chains depending on the number of branches was shown and discussed -stars with an even number of arms exhibited the ballistic motion at certain conditions. The possible mechanism of the chain's motion was discussed.
I. INTRODUCTION
The polymer systems in confined space are the subject of many studies because of their practical importance in lubrication, adhesion, separation methods based on the capillary electrophoresis, corrosion protecting coating or colloidal stabilization [1] . These systems are difficult to be studied experimentally although recently an enormous progress has been made [2] . The influence of the confinement on the properties of polymer or protein chains is especially interesting from the theoretical point of view, as the presence of an impenetrable or attractive wall can change the properties of such systems dramatically. The understanding and describing of such changes is an interesting and challenging problem [3] .
Recently, a lot of computer simulation studies were published on confined polymer systems [4] [5] [6] [7] [8] . It was shown that the dynamic properties of confined polymer systems are significantly different from those of bulk polymers. The static and dynamic properties, their scalings, distribution of segments, the internal structure of chains and instantaneous shape were intensively studied and discussed. The influence of the internal macromolecular architecture (linear chains, star-branched chains, cyclic chains) on the properties of confined polymers was also studied employing idealized lattice models and computer simulation [9] [10] [11] . The short-and long-time dynamics, orientation and deformation of coils and instantaneous shape of the confined chains were also determined. The confinement theoretical treatment of a polymer chain in a tube was also a subject of interest for computer simulations [12] [13] [14] [15] [16] [17] and theoretical considerations [18] [19] [20] . The structure of the chain compressed in a narrow tube (narrow means that the diameter of the tube is smaller than the diameter of the polymer chain at good solvent conditions) was determined and compared to that of chains in a bulk solution. It was shown that the size of the linear chain in a tube obeys the following scaling relations:
where S || 2 is the mean-squared radius of gyration in the direction along the tube axis, d is the diameter of the tube and N is the length of chain (the number of statistical segments).
The lateral part of the radius of gyration S ⊥ 2 reaches the plateau very quickly as the size in this direction is limited by the radius of the tube. It scales as N 2ν for short chains only and the scaling exponent 2ν =1.18 is characteristic for 3-dimensional chains. Therefore, a chain in a tube has the same fractal dimension as stiff elongated objects (rods, needles). The lateral motion of the chain in the tube was suppressed while the self-diffusion coefficient along the tube was found to scale as in dilute 3-dimensional solutions but additional dependence on the diameter of the tube had to be added:
The experiments concerning polystyrenes in microporous membranes confirmed this scaling behavior [21] . The scaling exponent of a linear chain in a tube is therefore the same as for diluted polymer solutions.
In this paper we present the results of computer simulations of simplified models of confined branched chain systems. The main goal of this study was to determine the mechanism of motion and the dynamic properties of chain with different internal architectures. For this purpose we designed a coarse grained model of chains embedded to a simple cubic lattice. The polymers were modeled at good solvent conditions and their properties were determined by means of the Monte Carlo simulations with the sampling algorithm of a Verdier-Stockmayer type using local modifications of chain's conformation.
II. THE MODEL AND THE SIMULATION MODEL
A polymer chain was in our model reduced to a sequence of identical segments (a segment corresponded to some chemical mers). We studied linear and star-branched chains. Each linear chain consisted of the sequence of N beads connected by N -1 segments [11] . The star branched chain consisted of f identical linear chain consisting of n beads and emanating from a common origin called the branching point. The total number of beads in the star was N = f⋅(n -1) +1. In order to make the calculation more efficient the chains were embedded to a simple cubic lattice. We studied the properties of a chain as a whole without details on the level of a single bead so this lattice approximation was quite sufficient for this purpose [12] . The excluded volume interactions were introduced into the model by forbidding the chain to cross itself what corresponds to good solvent contitions. No intrapolymer long-range attractive potential was added and chains were fully flexible with no local stiffness introduced. The macromolecules were put into a tube formed by two pairs of impenetrable parallel planar surfaces. The distance between these surfaces d was varied (there were d unoccupied lattice sites between walls in the direction perpendicular to each pair of walls). The confining walls were impenetrable (no attractive interactions with chains) and thus their influence was entropic only.
The properties of model systems were determined by means of the Monte Carlo simulation. We employed a sampling algorithm that consisted of local random modifications of chain's conformation [9] . This algorithm was found efficient for single chains in neutral and attractive slits [10] [11] . The following local modifications of chain's conformation were applied: 1-bead motion, 2-bead motion, 2-bead crankshaft motion, 1-bead end of chain reorientations and 2-bead end of chain reorientations [9] . Star-branched chains required an additional move that involve a collective displacement of the vicinity of the branching point [22] . A new conformation was accepted due to geometrical constraints and the excluded volume condition. All types of these elementary moves were employed with the same frequency because such a procedure was efficient and provided the correct time scale in the simulation [9, 22] . The time unit was defined as one attempt of each type of local motions per polymer bead on average. 
III. RESULTS
The simulations were performed for linear, 3-armed and 4-armed branched chains confined in narrow nanochannels with the diameter d = 3, 4, 5, 6 and 7 lattice units. The d model star-branched chains with 3 arms were the main object of our study and we determined their properties for a wide range of polymer length with N = 49, 100, 199, 400, 799 and 1200 beads. . These values show that in a narrow tube < S 2 x > scales as a stiff elongated object (rod, needle) where the exponent 2ν = 2 is expected. The same scaling behavior was predicted and found in simulations of linear chains [12, 18] . For wider [18] and with the simulations results [12] .
The problem which we tried to focus on this work concerned the dynamic behavior of polymers in the tube. The long-time dynamics of the chain is usually discussed in terms of the autocorrelation function of the center of mass x-component, which is defined as
where x cm is the position of the center of mass taken from the simulation trajectory. We have also calculated a single bead autocorrelation function defined as: thus no micromodifications of the chain's conformation could be possible. One should also notice that the mobility of chain depends on the tube diameter rather weakly. This behavior was also predicted by the scaling considerations and simulations for linear chains [12] . One can see that at short times the g cm function scales as t α , where α < 1. This effect is probably caused by the fact that one deals with the coupling of the center of mass motion and the internal relaxation of the chain. One should take into consideration that the above-mentioned motions take place in the lattice model and thus the description of short time effects can be misleading [9] . The behavior of the single bead autocorrelation function describes the short-time behavior of the chain. It was found that it scales with exponent equal to 0.5 which is in perfect agreement with that predicted by the Rouse theory and confirmed in simulations of free chains [9, 22] . At longer times this function scales with the same exponent as g cm does. In further investigation of the dynamics of branched chains in nanochannels we performed the simulations using the 3-armed branched chain consisting of N = 199 beads confined in nanochannels of different diameters d = 3, 4, 5, 6, and 7. The results showing the autocorrelation function g cm (t) are presented in Figure 5 . One can notice that the autocorrelation function g cm (t) shows different course depending on value d used in the simulation. In all cases the function shows the scaling with exponent 1, then at the region 2 × 10 5 MC steps the autocorrelation function for the narrowest nanochannel (d = 3) changes its slope from 1 to 2, which means that the observed motion of the chain exhibits a characteristic ballistic scaling [23] . That type of motion is not visible for the cases of wider diameter d of the nanochannels. In order to take a closer look on the mechanism of motion in narrow nanochannels we have analyzed a typical trajectory recorded during the simulation. The object of the simulation was a 3-armed chain consisting of N = 199 beads in a nanochannel with diameter d = 3. The obtained trajectory is plotted in Figure 6 . The left y-axis shows the position of the branching point along the length of the nanochannel in lattice units. One can see that the chain migrates along the nanochannel towards the negative values of x coordinates; however, from time to time it changes the direction of motion and goes in the opposite direction. Thus, a question arises whether: the mechanism of that motion can we determined. In order to answer this question we made another plot, which was combined with the previous one. The procedure was as follows: from the trajectory we determined the number of beads located at positions with respect to the x coordinate of the branching point counting as "positive" the beads located at x-coordinates greater than the position of the branching point and "negative" in opposite direction. The calculations were performed for each arm of the chain. The algebraic sum of these numbers gave the results which are plotted in the right y-axis of the plot in Figure 6 . One can notice that the two plots combined in one figure correspond almost perfectly -the point in which the trajectory changes its direction is accompanied by the immediate changes in the second plot (see point at abscissa 20 000, for example). The described experiment gave us the hint to determine the mechanism of motion of the 3-armed chain. The direction of motion is governed by the current conformation of the chain -since the nanochannel is very narrow there is not enough room to form loops and entanglements. One could rather expect close to longitudinal stretching of arms. In such assumption one sees that the motion in a positive x direction is associated with one arm pointed towards the direction of motion while the two remaining arms are left behind the branching point and the 'push' the whole structure towards the positive direction. The nanochannel is still large enough to enable the arm's ends change their position passing from one side of the molecule to the other, changing the direction of the longitudinal motion of the chain. If this mechanism is correct one can say that the force, which makes the ballistic motion originates from the entropy of the two arms, located opposite to the direction of the motion of the chain.
IV. CONCLUSIONS
The aim of this work was the analysis of the long-time dynamics of star-branched chains in a narrow straight nanochannels. The diameter of the nanochannel was smaller than the diameter of the chain in a bulk and thus the later one was compressed. We use a coarse-grained model of macromolecules which consisted of identical segments and were constructed on a cubic lattice. The properties of the system under consideration were determined by means of the dynamic Monte Carlo method employing an algorithm with local changes of chain's conformation.
The results show that star-branched chains confined in a narrow tube scales exhibit a common behavior. Their size scales with the tube diameter and chain length as it was predicted for linear polymers. The analysis of the dynamics shows that the asymmetric 3-arm branched chains exhibit the ballistic motion of the chain in a very narrow nanochannel whilst in wider channels one deals with the Fick's type diffusion. The experiments with the linear as well as the symmetric 4-branched chain show that in these cases no ballistic motion is present. Thus, we can claim that the ballistic motion takes place in the case of 3-branched chain as the asymmetry of the object (one arm located on one side of the branching point and two arms on the other side) enable the 'one direction' motion only during which the unbalanced distribution of polymer beads generates an entropic force.
